The quantum states of electrons in small symmetric metallic clusters are grouped into shells similar to the electronic shells in free atoms, leading to the conceptual basis for defining superatoms. The filling of the electronic shells in clusters, however, do not follow Hund's rule and usually result in non-magnetic species. It is shown that by embedding a transition metal in group II atoms, one can stabilize superatoms with unpaired electronic supershells. We demonstrate this intriguing effect through electronic structure studies of MnSr n (n ¼ 6-12) clusters within first principles generalized gradient calculations. The studies identify an unusually stable magnetic MnSr 9 species with a large exchange splitting of 1. 
I. INTRODUCTION
The electronic states in atoms are grouped into shells characterized by nl quantum numbers where the orbital angular quantum number l can assume values 0, 1,…, nÀ1 leading to the shell sequence 1s, 2s, 2p, 3s, 3p, 3d, 4s,…. Atoms with filled shells (Octet rule) exhibit enhanced stability as manifested through their electronic properties, e.g., high ionization energy and low reactivity. 1 The partial filling of states in a given shell follows Hund's rule 2 resulting in atoms with unpaired electrons. The highest spin magnetic moment occurs at sub-shell filling, but such sub-shell filled atoms do not generally exhibit enhanced stability. In fact, for the transition metal series, the ionization potential progressively decreases or even shows a minimum through the subshell filling.
1 Furthermore, the cohesive energy of solids of the 3d transition metals presents a minimum in the middle of the series.
3 Somewhat analogous to the case of atoms, the quantum confinement of electrons in small compact symmetric metallic clusters also results in electronic states grouped into shells with a different sequence 1S 2 , 1P 6 , 1D 10 , 2S 2 ,… (the electronic states in clusters are labeled by uppercase letters while the atomic states are labeled by lowercase letters). [4] [5] [6] [7] [8] Like atoms, clusters with filled electronic shells lead to stable species as manifested through magic numbers 9 observed at cluster sizes containing 2, 8, 18, 20, 34, 40 ,… valence electrons. This analogy, originally introduced through the electronic states in a "jellium sphere" where the confined electron gas is subjected to a uniform spherical positive background of the size of the cluster, extends beyond this oversimplified model. 10, 11 Numerous first principles electronic structure studies and gas phase experiments on metallic clusters have demonstrated the close grouping of electronic states into shells and have further shown that the shapes of the cluster electronic orbitals resemble those in atoms. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Moreover, experiments on the reactivity of clusters have also provided evidence that clusters with filled electronic shells exhibit reduced reactivity. For example, while bulk aluminum is readily oxidized by oxygen, an Al 13 À cluster with filled 1S shells, and other species with filled shells exhibit strong resistance to etching by oxygen, typical of inert atoms. 28 Motivated by these analogies, it was almost two decades ago that Khanna and Jena introduced the concept that metal clusters could be regarded as superatoms. 29, 30 While the electronic states in small metallic clusters are grouped into shells and the states of a given angular momentum resemble those in atoms, the filling of the electronic states in small metallic clusters generally does not follow Hund's rule of maximum multiplicity. It was pointed quite early on that clusters can undergo Jahn Teller distortions [31] [32] [33] [34] that break the degeneracy in the electronic states through geometrical distortions, and that the energy gain in the Jahn Teller distortion generally exceeds the exchange energy. Consequently, most small metallic clusters have lowest spin multiplicity with clusters of even valence count having non-magnetic ground states. One way to stabilize magnetic species is to consider compound clusters containing transition metal impurities, which can stabilize exchange splitting in two ways. One can form magnetic clusters such as VCs 8 , where 8 nearly free electrons fill the 1S 2 and 1P 6 supershells while the remaining 5 electrons occupy the V centered atomic d-states leading to five unpaired electrons. 35 An alternate approach is to induce exchange splitting in otherwise degenerate superatomic have contribution from the d-state of the transition metal atom and hence acquire considerable exchange splitting. It is important to underscore that this approach of inducing exchange splitting via mixing with orbitals from transition metal atoms leads to magnetic clusters that are likely to maintain exchange splitting upon assembly as the transition metal atoms occupy interior sites and are not strongly affected by cluster assembly. The purpose of this paper is to extend these earlier findings 34 to a new class of superatom that has a half filled D-subshell leading to high spin multiplicity like a Mn atom and that also possesses energetic stability at sub-shell filling compared to its neighbors. We demonstrate this exciting finding via a MnSr 9 cluster that has 5 unpaired electrons in a 2D 5 shell but is still energetically stable due to 1S 2 , 1P 6 , 1D 10 , and 2S 2 filled shells with 20 valence electrons. We also illustrate how such compound clusters offer a new class of hybridization-induced effects where the hetero atom induces exchange splitting only in selected superatomic orbitals. Here, the exchange splitting in the Mn atom is transmitted to exchange splitting only in S and D superatomic orbitals because of the selected hybridization with orbitals of selected parity.
II. METHODS
Theoretical investigations at the first principles level were carried out within the framework of generalized gradient density functional theory 36 implemented in the deMon2k code. 37 The molecular orbitals are expressed as a linear combination of Gaussian atomic functions centered at the atomic sites. The Mn atom is described by a double-f valence plus polarization (DZVP) basis set optimized for generalized gradient functionals. 38 The Sr atom is described by a 10 electron quasi-relativistic effective core potential (QECP10). 39 A variational fitting of the coulomb potential was employed in order to avoid the calculation of four center electron repulsion integrals speeding up the calculations. 40 To this end, the fitted density was expanded in primitive Hermite Gaussian functions by using the GEN-A2* auxiliary function set for Mn and Sr. For each cluster size, the ground-state configuration was obtained by starting from several initial geometries and spin multiplicities. The geometries were optimized using a Quasi-Newton Levenberg-Marquardt method in delocalized redundant coordinates without symmetry constrains. 41 A frequency analysis was carried out to ascertain the stability of the ground states. For the calculation of the (MnSr 9 ) 2 dimers, we used the same generalized gradient functional in the Naval Research Laboratory Molecular Orbital Library (NRLMOL) set of codes developed by Pederson and coworkers, [42] [43] [44] where it is possible to investigate anti/ferromagnetic configurations. For these calculations we employed an all electron basis set of 7s, 5p, and 4d functions for Mn, and 8s, 6p, and 4d functions for the Sr atom. In both cases, the basis set was supplemented with a diffuse Gaussian function to allow for additional variational freedom.
III. RESULTS AND DISCUSSION
The valence configuration of a Sr atom is 5s 2 and a Sr 2 is a weakly bound molecule with a low bond strength of 0.17 eV.
3 However, bulk strontium is a metal with a cohesive energy of 1.72 eV per atom. 45 This trend is common to other group II elements and earlier studies on Be n (Refs. 46 and 47) and Mg n (Ref. 48) clusters have shown how the metallic character in clusters rapidly builds as multiple atoms are brought together. The increase in bonding strength and the transition to metallic character is promoted via the mixing of the excited p-states that are unoccupied in individual atoms, with the s-states. For Mg n clusters, earlier studies have indicated that there is already appreciable p-character in the valence distribution for clusters containing as few as 5 atoms, marking the beginning of metallic character. 48 The valence configuration of a Mn atom is 3d 5 4s 2 with five unpaired electrons and a filled d-subshell. We wanted to examine if a compound cluster MnSr n could possess a high spin configuration as well as a closed shell of paired electrons to offer a stable magnetic superatom that has both a stable moment and energetic stability. We further investigate if such stable cluster could form assemblies maintaining their identity. Figure 1 shows the evolution of the ground state geometry of MnSr n clusters containing 6 to 12 Sr atoms. All the ground sates geometries of MnSr n contain the Mn atom enclosed in the cage of Sr atoms and are all compact structures with average Sr-Sr bond length ranging from 2.91 Å for the MnSr 6 to 4.13 Å for MnSr 12 and average Mn-Sr bond length varying between 2.87 Å for MnSr 6 to 3.40 Å for MnSr 12 . MnSr 6 presents an octahedral structure of Sr atoms containing an endohedral Mn atom. In MnSr 7 , the Sr atoms form a pentagonal bi-pyramid with an interior Mn atom. Studies where a Mn atom was forced to occupy an exterior site resulted in a structure 2.29 eV higher in energy. The structure of MnSr 8 is quite interesting. The Sr sites form a distorted square anti-prism with an interior Mn atom. The cluster has a spin magnetic moment of 3l b . The structure of MnSr 9 is a rather symmetric square anti-prism geometry of Sr atoms with the ninth Sr atom decorating one of the two parallel faces of the anti-prism. The MnSr 10 structure is obtained by decorating the two opposite parallel faces of the MnSr 8 anti-prism by two Sr atoms. MnSr 11 structure does not follow the same trend shown from MnSr 8 through MnSr 10 . But instead, it is the square anti-prism with the three remaining Sr atoms encrusted in the triangular adjacent faces near to each other. Finally MnSr 12 follows from a MnSr 9 structure plus three Sr atoms decorating the adjacent triangular faces of the anti-prism structure. This structure was 1.51 eV more stable than the icosahedra of Sr atoms with an interior Mn site. It is interesting to note that MnSr n (n ¼ 10-12) clusters are built on a MnSr 9 core suggesting somewhat that this cluster may serve as a core for the larger sizes.
Since clusters of group II elements have weakly bound molecules and the bonding evolves towards metallic character with increasing size, we wanted to probe if MnSr n clusters would exhibit any electronic shell effects. To this end we probed two quantities, namely, the progression of the binding energy (BE), and secondly the nature of electronic states including appearance and filling of electronic shells. We start with the progression of electronic binding as successive Sr atoms are added to a MnSr n cluster. The change in binding energy was monitored through the increase in binding of the MnSr n (n ¼ 6-12) clusters as obtained from the equation
Here E(Sr), E(MnSr n-1 ), E(MnSr n ) are the total energies of a Sr atom, MnSr n-1 cluster, and MnSr n cluster, respectively. Note that BE n represents the gain in energy as a Sr atom is added to the preceding size MnSr n-1 . Figure  2 (a) shows BE n as a function of n. Note that there is a distinct maximum at MnSr 9 . More importantly, there is a large gain in energy in going from MnSr 7 to MnSr 9 passing through MnSr 8 and a drop thereafter. Such local maximum is indicative of especially stable species. This stability is also reflected in the electronic spectrum as seen through the progression of the HOMO-LUMO gap. A large gap is a signature of chemical stability as the system resists both accepting or donating electronic charge. Figure 2(b) shows the variation of HOMO-LUMO gap in MnSr n clusters and MnSr 9 with around 0.35 eV is the 2nd largest HOMO-LUMO gap of the series. While both BE n and HOMO-LUMO gap indicate local energetic stability, there are two puzzling questions. First, a MnSr 9 has 25 valence electrons (18 coming from Sr atoms and 7 from Mn atom) that do not correspond to a magic number in the conventional nearly free electron model. Second, the theoretical studies indicate that there are 5 unpaired electrons in the ground state. How does the sub-shell filling lead to an energetic stable species? The magic character of MnSr 9 , therefore, cannot be reconciled within the conventional nearly free electron model.
A single Mn atom has a spin multiplicity of 6 with 5 unpaired d electrons and a 3d 5 4s 2 electronic configuration.
Our theoretical studies also indicate that the atom is marked by a large exchange splitting with unoccupied d-states almost 4.4 eV higher than the majority occupied d-states. We therefore monitored the variation of the spin magnetic moment as successive Sr atoms were added to MnSr 6 . in atoms. However, what leads to this Hund's coupling in cluster electronic orbitals? To answer this question, we examine the nature of the electronic orbitals in various clusters. Figures 3(a)-3(d) show the one-electron energy levels and the electronic orbitals associated with each level for the spin up and down configurations for MnSr 7 , MnSr 8, MnSr 9 , and MnSr 10 , respectively. Note that Mn occupies a central site and its atomic d-orbitals hybridize to form cluster S-or D-orbitals because of symmetry. The pictures show the plots of the electron wave function that can help to identify the global nature of the orbitals. Starting with Fig. 3(a) , MnSr 7 has 21 valence electrons that are distributed as follows. The lowest state is spread out over several atoms and has 1S superorbital character. The first two electrons occupy majority and minority S-states. The next majority state has a d-character and can be classified as 1D orbital. It is primarily composed of the majority atomic d-states at the Mn site. The next set of majority orbitals have 1P and 2S character accommodating 4 more electrons, and one more electron in the HOMO with 2D character. The minority states have 1P, 2S, and 1D character accommodating 9 electrons. The minority 1D-orbitals that accommodate 5 electrons leads to a closed 1S 2 , 1P 6 , 1D 10 , and 2S 2 shell with 20 valence electrons. The remaining electron occupies the next set of cluster orbitals, which are majority 2D states. It was found that 1.51 eV separates the minority 1D-states from the majority 1D states. This large splitting is derived from the large exchange splitting of 4.4 eV in atomic Mn. Most importantly, this splitting is also translated to 2D states where the majority spin states constitute the next set of states. Adding one Sr atom to MnSr 7 contributes two additional valence electrons that occupy 2D majority states as shown in Fig. 3(b) , increasing the moment to 3.0l B in MnSr 8 . Addition of another Sr, fills the 2D subshell and results in the maximum moment of 5.0l B in MnSr 9 as shown in Fig. 3(c) . What is interesting is that the increase   FIG. 3 . One-electron energy levels and orbital wave-function isosurfaces (isoval ¼ 0.01 a.u.) of Sr n Mn (n ¼ 7-10) clusters. The majority (a) and minority (b) levels are shown at the left and right of the energy scale arrow respectively for each cluster. The horizontal lines (continuous and dotted) represent the filled and unfilled levels respectively. For each level the angular momentum is marked. Green arrows indicate the exchange splitting of the D-orbitals, and the HOMO-LUMO is given in red and blue text. in moment is accompanied by the increase in binding as discussed in Fig. 2(a) . MnSr 9 then appears as a locally stable cluster that is also marked by high spin multiplicity and can be characterized as a magnetic superatom that can be described as a mimic of a Mn atom in the atomic sequence. 25 Further addition of a Sr atom leads to filling of a 1F set of states in MnSr 10 as shown in Fig. 3(d) . A pair of electrons occupies the F state and the magnetic moment remains pinned at 5.0l B . This brings out an interesting aspect of these mixed clusters as seen in electronic states shown in Fig. 3(c) . P-or the F-states have a different symmetry and do not hybridize with the Mn d-states. Consequently, the large exchange splitting of atomic d-states in Mn is only transmitted to superatomic S-and D-states. This shows the novel aspect of these compound clusters, namely, that by a proper choice of the heteroatom, one can induce splitting only in selected sets of states. In addition, by controlling the size, one can choose the character of the orbitals forming the HOMO. This subtle control of the splitting in molecular orbitals can be important in catalysis or in transport properties of such species.
In the above we have demonstrated that MnSr 9 is a highly stable magnetic cluster. It is then interesting to investigate if such motifs would maintain their magnetic characteristics when assembled to form molecules, bigger clusters, and eventually large assemblies, and how do the magnetic moments couple in such aggregates? There are several approaches to make cluster assemblies from magnetic superatoms. One could isolate clusters by passivating them with organic ligands, 49, 50 insert them into zeolite or other cages, 51 or deposit them on non-interacting substrates. 52 Forming assemblies through direct deposition on substrates, however, requires the magnetic features to be maintained through the direct assembly. Consequently, we examined the evolution of the geometry and the magnetic properties as two MnSr 9 clusters were brought together starting at a large separation. Figure 4 shows the two lowest energy (MnSr 9 ) 2 structures and their energy dependence on the spin state. The lowest energy structure (red square on the top) is a ferromagnetic state with a magnetic moment of 8l B , in which the individual clusters did maintain their geometrical identity. For such an arrangement, the antiferromagnetic configuration lies 0.45 eV above the ground state. We also found another geometrical isomer (green square on the top), that is just 0.18 eV higher than the lowest energy structure, and has a spin moment of 6l B . In this isomer the MnSr 9 units form a symmetric configuration sharing one Sr atom. These results indicate that the new MnSr 9 superatoms are likely to maintain their identity upon assembly.
IV. CONCLUSION
In summary, the present work offers a strategy to design magnetic motifs in the superatom family via doping the nonmagnetic group II atoms with a Mn atom. The Mn atom occupies the central site and the atomic Mn d-states hybridize with Sr states to form superatomic D-states. This hybridization results in a large exchange splitting of the D-super orbitals. For MnSr 9 such a combination acquires energetic stability as well as high spin. Studies, where the two units are brought together to form a (MnSr 9 ) 2 super-molecule, show that the individual clusters do retain their shapes and that the molecule is marked by a ferromagnetic ground state with an antiferromagnetic state 0.45 eV higher in energy. While the transport through such a supermolecule will form the basis of our future work, we did examine the density of states in the ferromagnetic and antiferromagnetic configurations. These are shown in Figure 5 in which the energy levels were broadened by Gaussians of 0.1 eV widths. As seen in Figure 5 (a), the ferromagnetic state has a high spin polarization. Examination of the atomic composition of the density of states brought out an interesting feature. that the projected density of states at the various sites for the lowest energy ferromagnetic state. Note that the states at the Fermi level (shown by vertical line) are mostly comprised of Sr states (note that the density of states for Sr needs to be multiplied by 18 to get contributions from all Sr atoms). This would suggest that in any transport by such a motif, the current will be largely carried by the metallic skin of Sr atoms in (MnSr 9 ) 2 . The lack of spin orbit coupling may then allow spins to exhibit coherence over longer distances. We hope the present work will motivate the experimental work on some of the systems investigated in this work. FIG. 6 . Atomic projected density of states for the lowest energy ferromagnetic (MnSr 9 ) 2 structure (8l B ). The Fermi level is marked by a vertical line. The solid line represents the atomic d contribution, and the red and green lines represent respectively the atomic p and s atomic contribution.
